A simple computer model of atmospheric radar backscatter is used to investigate and compare various Spaced Antenna (SA) analysis techniques. These techniques include the Full Correlation Analysis (FCA) and radar Interferometry techniques. The results illustrate that the interferometric velocities increase with increasing turbulence, predicting the model input velocity only for zero turbulence. On the other hand, the FCA True velocity proves to be an excellent estimate of the model input velocity at all values of turbulence. Maps illustrating the interferometry estimated scattering positions superimposed upon the actual model scatterer positions reveal the estimated positions to be inaccurate. The estimated positions are shown to approach the zenith as turbulence increases, con rming the volume scatter derived suggestions of Briggs, 1994 . Furthermore, the estimated positions have a preferred azimuth angle agreeing with that predicted by volume scatter arguments. The e ects of receiver noise upon the interferometric techniques are investigated, revealing the estimated velocity decreases with increasing receiver noise. The e ects of the thresholds used to preclude individual Doppler frequencies from the analyses are illustrated. The results are in excellent agreement with the experimental results obtained in a number of di erent studies. 
Introduction
The conventional and most commonly used technique for the estimation of atmospheric wind velocities using Spaced Antenna (SA) radar data is the Full Correlation Analysis (FCA) technique Briggs, 1984] . The FCA is applied to SA data obtained both at VHF in the lower atmosphere (2-20 km) eg Vincent et al, 1987] and at MF/HF in the upper mesosphere and lower thermosphere (60-100 km) eg. Vincent and Lesicar, 1991] . The basic assumption of the FCA is that the spatio-temporal correlation function of the ground di raction pattern resulting from atmospheric radio-wave scatter of a vertically transmitted signal can be described by a family of ellipsoids. Two velocity estimates are produced, namely the \apparent" and \true" velocities. The true velocity is usually considered the better estimate of the actual velocity as it includes a correction for the e ects of random changes and anisotropy in the ground di raction pattern.
In recent years there has been considerable interest in estimating wind velocities using spectral rather than correlation analyses. A number of Full Spectral Analysis (FSA) techniques have been developed eg Briggs and Vincent, 1992; Sheppard and Larsen, 1992; Liu and Pan, 1993] . These techniques are frequency-domain analogues of the FCA, and use the same mathematical formulation. Additionally, a number of interferometry techniques have been developed eg Adams et al, 1985; Meek and Manson, 1987; Franke et al, 1990] . These techniques rely on locating discrete scattering positions for each Doppler frequency, using this positional and Doppler frequency information to estimate the mean wind eld. These techniques di er in the analysis applied, but can make use of the same data. Because the individual techniques are often referred to as \Radar interferometry", the taxonomy introduced by Vandepeer, 1993 , is used in this paper to distinguish between the individual techniques. Both the Imaging Doppler Interferometer (IDI) introduced by Adams et al., 1985 , and the magnitude-selected imaging radar interferometer (MSIRI) introduced by Meek and Manson, 1987, use unsmoothed spectra to obtain velocities best agreeing with the FCA apparent velocity. The non-selected imaging radar interferometer (NSIRI) introduced by Franke et al., 1990 , produces velocities agreeing with the FCA true velocity when using unsmoothed spectra (UNSIRI), and velocities agreeing with the FCA apparent velocity when using smoothed spectra (SNSIRI). The FCA and interferometric techniques are discussed in section 2, along with some discussion of the various experimental results obtained.
While comprehensive model analyses have previously been conducted for the FCA technique eg Wright and Pitteway, 1978; Meek and Reid, 1984; S ur uc u et al., 1994, Holdsworth and , the only analogous analysis for any interferometric technique appears to be that performed by Adams et al, 1985 . A particular advantage of applying interferometry to model-generated data is that the actual scattering locations are known, thereby allowing the investigation of the idea of ctitious scattering locations proposed by Briggs, 1994 . The model of Adams et al, 1985 , used a limited number of scatterers. They found that the IDI technique estimated both the scattering positions and model velocities accurately. The considerably more realistic model of Holdsworth and Reid, 1994 , has been utilised to produce the results of this paper. The basis of this model is discussed in section 3. The results of applying the FCA and interferometric techniques to model generated data are shown in section 4, while the consequences of these results are discussed of section 5.
Analysis techniques 2.1 Full Correlation Analysis
The Full Correlation Analysis (FCA) of Spaced Antenna (SA) data is used to estimate atmospheric wind velocities from the ground di raction pattern resulting from atmospheric radio-wave backscatter. The basic assumption of FCA is that contours of equal spatio-temporal correlation of the ground di raction pattern can be approximated by a family of ellipsoids eg Briggs, 1984] of the general form ( ; ; ) = (A 2 + B 2 + 2H + 2(F + G ) + C 2 );
(1) where and are the spatial dimensions and is the temporal dimension. The pattern is generally sampled at three spatially separated positions. Complex auto-and cross-correlation functions are calculated from the complex voltages sampled at each antenna. The apparent velocity is calculated directly from the time delays corresponding to the cross-correlation function maxima, and is usually an overestimate of the actual velocity, as it incorporates the e ects of random changes and anisotropy in the ground pattern resulting from turbulent fading. The true velocity is corrected for these e ects and is therefore generally considered the better estimate of the actual velocity. The FCA also provides information on the characteristics of the ground di raction pattern, calculated from the ellipse parameters A; B; C; F; G and H, from (1).
Comparisons between the FCA true velocity and both the Meteor drift winds eg. Cervera and Reid, 1994] and High resolution Doppler imaging (HRDI) derived winds eg. Burrage et al., 1993] suggest the FCA true velocity may underestimate the actual wind velocity by approximately 5-10%. Possible causes for this underestimation include the \triangle size e ect" eg. Golley and Rossiter, 1970] , low pass ltering resulting from the use of coherent integration eg. Chandra and Briggs, 1978] , receiver saturation, and spatial undersampling of the ground di raction pattern. In addition, Hines et al., 1993 , have suggested that MF radars may measure the phase-speed of gravity-wave perturbations within the radar volume as opposed to the background wind velocity.
Interferometry
The use of radar Interferometry for the estimation of atmospheric wind velocities is a two-step process rst proposed by P ster, 1971. The rst step involves using the phase di erences between three or more spaced receiving antennae at each available Doppler frequency f i to determine the positions of apparent radiowave scatter. Hereafter, these positions will be referred to as the \e ective scattering points", following the terminology of Briggs, 1994 . Given a phase di erence i between two antennae with separation D, the zenith angle i of apparent scatter in the Z ? D plane is determined
where is the radar wavelength. A minimum of three receiving antennae are required to completely de ne the position, given by the radial direction unit vectorr i . The second step involves the determination of a least squares estimate of the mean wind eld velocityV = ux + vŷ + wẑ over all available Doppler frequencies using
where V ri is the radial velocity associated with the Doppler frequency f i . The \phase di erence" between two antennae at a particular Doppler frequency is equivalent to the \cross-spectral phase" at that Doppler frequency. In accordance, these two terms are used interchangeably throughout the remainder of this paper.
The fundamental assumption of the interferometric analysis is that the information available at each Doppler frequency results from a single discrete scattering point. If two or more scattering locations contribute to the same Doppler frequency the resultant \aliased" e ective scattering position will not necessarily coincide with either of the actual scattering positions eg Adams et al., 1985] . The inclusion of aliased e ective scattering positions in the analysis may therefore result in velocity biases. The three interferometric techniques applied in this paper di er in their use of acceptance criteria to determine whether the spectral information for each Doppler frequency satis es the conditions for scatter from a single discrete scattering location. The IDI technique eg. Adams et al., 1985 , Adams et al., 1986 uses two orthogonal rows of receiving antennae. Doppler frequencies exhibiting su ciently linear phase variation along both rows of antennae are assumed indicative of plane-wave incidence, and therefore scatter from a single discrete location. These Doppler frequencies are subsequently used in the analysis. The phase di erences between antennae used in (2) are determined from a linear t to the power spectral phases each arm. The MSIRI technique used by Meek and Manson, 1987 , uses three receiving antennae. Doppler frequencies with simultaneous local maxima in the power-spectra calculated for each receiving antennae are assumed indicative of scatter from a single discrete location, and subsequently used in the analysis. Use of an extra receiving antenna in order to calculate the normalised phase discrepancy as further indication of scatter from a single discrete location is suggested, but not utilised in their velocity analysis, despite the statements of Franke et al., 1990 . The NSIRI technique used by Franke et al., 1990 , uses three receiving antennae, employing no single-scatterer criterion.
It is also important that the e ective scattering positions are unambiguously resolved. However, with certain combinations of antenna spacings and radar wavelengths it is possible that some zenith angles are not unambiguously resolved. For instance, a spacing of D = results in the zenith angles of all e ective scattering points lying within 30 of the zenith, despite the fact that some of the actual scattering location may lie outside this zenith angle. This e ect is referred to as \spatial aliasing" eg Franke et al., 1990] , and can be eliminated by using antenna spacings less than D = 1 2 eg Adams et al., 1985] . It is generally impossible to determine whether a located position has been spatially aliased. It is therefore often considered necessary to preclude e ective scatterering positions with zenith angles exceeding a calculated spatial aliasing threshold from the analysis, even though not all of these scatterers are necessarily spatially aliased.
There has been little attempt to quantitatively analyze interferometric techniques. This is a result of the di culty in theoretically modeling unsmoothed cross-spectra eg Franke et al., 1990] . The theoretical model analysis of Liu et al., 1990 , predicts that in the case of no turbulence, (2) is applicable if the information for each Doppler frequency is due to scatter from individual highly localised regions within the radar-pulse volume. They also predict that the FCA will not estimate the correct wind velocity in this situation. Conversely, in the volume scatter situation where the FCA is applicable they predict that interferometry will not estimate the correct wind velocity. In assuming a volume scatter situation Briggs, 1994, has shown that the e ective scattering positions lie along a straight line not necessary aligned with the direction of the background wind, and are therefore ctitious. Furthermore, the e ective scattering positions approach the zenith as turbulence increases. As a result, the horizontal wind velocity component inferred from the radial velocity must increase with increasing turbulence. These results have been elaborated upon by Vandepeer and Reid, 1994 , who have shown that the interferometric velocity estimated under the volume scatter assumption is equal to the FCA apparent velocity. This suggests that interferometric techniques do not implicitly utilise a correction for turbulence akin to that utilised to produce the FCA true velocity.
The volume scatter results are di cult to relate to the \noisy" cross-spectral phase variations obtained for unaveraged spectra. However, the IDI-like analysis of Vandepeer and Reid, 1994 , indicates that the distributions of e ective scattering locations are elongated in the direction predicted by the volume scatter arguments of Briggs, 1994 . The analysis of Brown et al., 1994 , also indicates that the agreement between the FCA apparent and MSIRI velocities is signi cantly greater than the agreement between the FCA true and MSIRI velocities for large FCA estimated values of turbulence. In such instances the apparent velocity is usually signi cantly greater than the true velocity because the apparent velocity is not corrected for the e ects of turbulence.
Application of Radar backscatter model 3.1 Radar Backscatter Model
The radar backscatter model utilised in this paper is extensively described in Holdsworth and Reid, 1994 . As such, only a brief description will be provided in this paper. The model has been developed to be as simple and versatile as possible, allowing the e ective analysis of a number of di erent estimation techniques. The model is programmed in Interactive Data Language (IDL), producing convenient computational times when run on a DEC Alpha.
The basis of the model is as follows. A \radar-pulse volume" is de ned according to a beam-pointing angle, an \e ective" beam-width and a range gate. The radar-pulse volume is encompassed within in a cylindrical \enclosing" volume, throughout which a number of scatterering locations are positioned. These \scatterers" represent regions of refractive index irregularity, as opposed to physical objects. At each sampling time the backscattered complex signal-returns from scatterers within the radar-pulse volume are added, with the amplitudes of the returns determined from speci ed aspect sensitivity and range-gate weighting functions. The e ective beam-width is de ned by the zenith angle where the amplitudes of the returns are a speci ed fraction of the amplitude returned on the zenith. The scattering positions are then updated, based on speci ed values of the mean background wind, turbulence, and gravity wave perturbations. Scatterers updated to positions outside the enclosing volume are re-admitted through the opposite surface to which they left.
As discussed in Holdsworth and Reid, 1994 , the model simulates the characteristics of radar backscatter very well at both MF and VHF. The application of the FCA to model-generated data reveals excellent agreement between the true velocity and the model input velocity. In addition, standard techniques for the estimation of aspect sensitivity and turbulent velocities produce estimates in excellent agreement with the model input values.
Model parameters
The model has been used to approximate the general con guration of an MF SA radar suitable for the application of the FCA and the three interferometric techniques under examination. The relevant model parameters are shown in Table 1 . Unless otherwise speci ed, these parameters are those used to produce all the results presented in this paper. The parameters are intended to simulate the volume-scatter situation. The antenna spacing of D = 1 2 produces no spatial aliasing. The transmitter beam-width of 15 results in a radar-pulse volume zenith cut-o of 22 . The enclosing volume is chosen to be approximately four times the volume of the radar-pulse volume. Because the angular polar diagrams of receiving antennae are generally signi cantly larger than the angular polar diagrams of the backscatter for MF radars, the model receiver beam-width is set to be in nite. As various noise sources seen in actual radar systems are not present in the model no spatial or temporal coherent averaging is necessary, so that each multi-antenna receiving array can be simulated by a single antenna position with the appropriate polar diagram and each sample is the representation of the complex voltage induced at the particular sampling time.
The selected antenna con guration is shown in Figure 1 . The MSIRI, NSIRI and FCA techniques are applied to data from antennae 1, 2 and 6. This con guration may not appear ideal for the FCA, as Golley and Rossiter, 1970 , have illustrated that the FCA true velocity is biased towards the direction of the largest side of the triangle of antennae. However, recent work by the current authors indicates that this e ect is eliminated if receiver noise is properly accounted for in the FCA, as is the case in this paper. The IDI technique is applied using antennae 1-5 as the zonal arm of the interferometer, and antennae 1 and 6-9 as the meridional arm. The actual phase di erences between antenna pairs 1,2, and 1,6, are used in place of the phase di erences estimated by the linear t. We therefore refer to this as the \IDI-like" technique. The purpose of this choice is so the technique utilises the same phase information as the MSIRI and NSIRI techniques, thereby allowing a direct comparison of the e ects of the individual acceptance criterion utilised. The velocity estimates resulting from applying the IDI-like technique do not di er signi cantly from those obtained using the IDI technique.
Analysis techniques
The interferometry algorithms applied in this paper are kept as similar as possible to those used originally by the authors. The only common acceptance criterion used in each technique is that Doppler frequencies with spectral power less than 5 dB above the noise oor are precluded from the analysis. This criterion is employed to exclude Doppler frequencies within the spectral tails with no apparent useful information from the analysis. The same criterion is applied by Meek and Manson, 1987, and , using thresholds of 5 dB and 15 dB respectively. No zenith angle thresholds are used. No lower zenith angle threshold is required as the receiver phase information is known exactly. Upper limit spatial-aliasing thresholds are employed by Adams et al., 1985 , Adams et al., 1986 , Meek and Manson, 1987 . Such a threshold is not required for the current analysis as the antenna spacing of 1 2 eliminates spatial aliasing. The IDI analysis of Brosnahan and Adams, 1993 , uses an upper limit to exclude zenith angles outside the rst minima in the transmitter polar diagram.
The additional criteria employed are those speci c to each particular technique. The IDI-like technique uses Doppler frequencies where the rms error of the linear t to the phase variation along each antenna arm is less than 10 . The phase unwrapping algorithm described by Adams et al., 1985 , is utilised in this process. The MSIRI technique uses Doppler frequencies where simultaneous local maxima are seen in all three power-spectra. The NSIRI techniques use no additional criteria. Spectral smoothing for the SNSIRI technique is performed in the same manner used by Franke et al., 1990 , whereby individual time series are divided into four segments, and the cross-spectra obtained from each segment are averaged to produce an averaged, or smoothed, cross-spectrum. Since the model uses only one range gate, no range correction is used. Because the model does not incorporate velocity gradients this should not a ect the analysis. Doppler frequency weighting is not utilised. The e ects of weighting are discussed thoroughly by Brosnahan et al., 1993, and Meek and Manson, 1987 . All results presented in this paper are the average of the results of 200 individual time-series realisations.
Analysis results

E ective scattering point determination
Typical examples of the power spectra obtained and the horizontal e ective scattering positions located from an individual two minute record using the UNSIRI and IDI-like techniques are shown in Figure 2 . The four plots correspond to the use of 20, 50, 100 and 1000 scatterers within the enclosing volume respectively. On average, approximately 25% of these scatterers will occupy parts of the radar-pulse volume, thereby producing signal returns. The unbroken lines indicate the actual locations occupied by the scatterers during the two minute record, while the dashed line indicates the horizontal bound of the radar-pulse volume.
There is clearly little overlap between the actual and estimated positions. This is understandable for a large number of scatterers as there will be signi cantly more scatterers than Doppler frequency components to contribute to. In addition, a single scatterer may contribute to more than one Doppler frequency, as illustrated in the 20-scatterer plot in Figure 2 . The information attributable to each frequency component may therefore be the addition of the returns from up to 10 or so scatterers, which will be \aliased" to a single e ective scattering point. Figure 2 indicates that there is little overlap even for smaller numbers of scatterers. This appears to contradict the results of Adams et al., 1985 , who recover their 15 scattering positions arranged in an \S" shape, and their model velocity reasonably convincingly. Unlike the current analysis they did not include e ects such as turbulence, aspect sensitivity, range gate weighting and random scatterer positioning, and used both a smaller model velocity and a smaller time series length, thereby resulting in less single-scatterer Doppler frequency spreading. As a result, their conditions are somewhat more favorable than those of the current analysis, which attempt to reproduce conditions that are generally encountered experimentally. Despite these results, the velocity estimates shown in section 4.2 are clearly sensible. This is despite the fact, outlined by Meek and Manson, 1987 , that e ective scattering points resulting from aliasing do not necessarily propagate with the same speed as the individual scattering positions responsible for the aliasing. Some of the UNSIRI e ective scattering positions lie outside the zenith bounds of the radar-pulse volume, while very few of the IDI-like positions do so. This suggests that the majority of these \outside-positions" are rejected by the IDI-like single-scatterer criterion, and are therefore aliased positions. The SNSIRI and MSIRI analyses also produce very few outside-positions.
The average zenith angle of all e ective scattering positions located over 200 records for each interferometric technique as a function of the model turbulence velocity is shown in Figure 3a . The average zenith angle decreases with increasing turbulence, as suggested by the volume scatter arguments of Briggs, 1994 . Because the model scatterers are isotropic and homogeneously distributed throughout the radar-pulse volume the volume-scatter situation also suggests that the e ective scattering positions should lie along the direction of the wind eg Briggs, 1994] . This is supported by Figure  3b , which illustrates the distribution of preferred azimuths, relative to the model input velocity, inferred from total regression linear ts to the e ective scattering positions located for each of 200 individual records using the UNSIRI analysis. The distribution is clearly centered about a di erence of zero degrees.
The agreement of these results with those predicted by the volume scatter situation may appear somewhat surprising for the use of unsmoothed spectra for which the theory was not explicitly derived. This can be explained as follows. The phase information associated with unsmoothed cross-spectra can be considered the sum of a component which is linear with Doppler frequency and a random component. This is veri ed by the fact that su cient averaging of cross-spectra calculated from contiguous time records results in an average cross-spectrum with almost linear phase variation eg Liu et al., 1990] . This is exactly the phase behavior predicted by volume scatter arguments. The individual unsmoothed cross-spectral phases for each Doppler frequency do not necessarily conform to the volume scatter situation, but su ciently averaged individual cross-spectral phases over either time or Doppler frequency will show greater conformity. The distribution of the azimuth angles located by the UNSIRI technique can be viewed as an indication of the number of e ective scattering points satisfying the volume-scatter scenario.
Velocity determination
The magnitudes of the vector-averaged horizontal velocities resulting from applying the FCA and interferometric techniques to model-generated data are shown in Figure  4 , as a function of model turbulence. The FCA true velocity shows excellent agreement with the model input velocity, compensating correctly for the e ects of turbulence which result in the FCA apparent velocity increasing with increasing turbulent intensity. The interferometric velocities also increase with increasing turbulent intensity. This con rms the suggestion by Vandepeer and Reid, 1994 , that interferometric techniques require a correction for turbulence akin to that utilised by the FCA if they are to recover the correct wind velocity. The directions of the averaged horizontal velocities for all techniques (not shown) lie within 4 of the direction of the model input velocity.
The volume scatter situation suggests that the velocity predicted by the interferometric techniques should be equivalent to the FCA apparent velocity eg Vandepeer and Reid, 1994] . The IDI-like and MSIRI velocities show good agreement with the apparent velocity. The SNSIRI and UNSIRI techniques utilise the same analysis technique, albeit on di erent spectral phase information, and should therefore be comparable. The smoothed spectral phases result in the SNSIRI e ective scattering points for each Doppler frequency being located closer to the zenith than the UNSIRI e ective scattering points, as illustrated in Figure 3a . Examination of (3) suggests this must result in the SNSIRI velocity estimate being larger than the UNSIRI velocity estimate, even for the case of zero model turbulence where the UNSIRI shows reasonable agreement with the model input velocity. This is despite the fact that the e ects of averaging as discussed above may be expected to enhance the agreement with the volume scatter predictions.
E ect of varying number of model scatterers
The magnitudes of the vector-averaged horizontal velocities resulting from using various di erent numbers,N of model scatterers are shown in Figure 5 . The number of scatterers is intended to approximately range from the discrete-scatter to the volume-scatter situation. The FCA results are consistent with those inferred by the theoretical model analysis of Liu et al., 1990 , who illustrated that regions of highly localised scatter produce cross-correlation maxima time-delays di ering from the volume scatter situation. The FCA apparent velocity is calculated directly from the cross-correlation maxima time-delays, and clearly exhibits a distinct change from the volume scatter to the discrete scatter situation. The fall-o of the FCA velocities for small N is accompanied by a fall-o in the data acceptance rate. The FCA true velocity accurately estimates the model input velocity if more than of 100 scatterers are employed, corresponding approximately to 25 or more scatterers contributing signal returns. The interferometric results indicate that a correction for the e ects of turbulence is required even in the discrete scatter situation. The decreasing interferometric velocities estimated with decreasing N result because the variance in the individual velocity directions increases, while the average magnitude of the individual velocity estimates is almost constant.
E ect of receiver noise
The e ects of receiver noise have been simulated by adding randomly generated Gaussian-distributed values to the real and imaginary components of the time-series. The magnitude of the resulting vector-averaged horizontal velocities as a function of SNR are shown in Figure 6a , for a model turbulent velocity of 6ms ?1 . The FCA velocities are almost constant, while the interferometric velocities decrease signi cantly with increasing receiver noise, or decreasing SNR. The FCA true velocity is corrected for the e ects of receiver noise by interpolating over the zero-lag auto-covariance eg Briggs, 1984] . Failure to correct for receiver noise in the FCA can result in an underestimation of the true velocity eg Holdsworth and Reid, 1994] . This e ect results in the \triangle size e ect" eg Golley and Rossiter, 1970, Meek, 1989] , whereby the true velocity increases with increasing triangle spacing up to a limit equivalent to the noise-corrected true velocity.
The presence of noise results in the addition of random values to the noise-free cross-spectral phases at all Doppler frequencies. As suggested by (2), this results in the zonal and meridional zenith angle components being perturbed from their noise-free values. This perturbation does not signi cantly alter the average zenith angle of the e ective scattering positions, and is thus distinct from the e ects of turbulence which result in a systematic zenith angle decrease. The zenith angle perturbations result in a decrease in the estimated velocity with respect to the noise-free estimate. This e ect can be simulated by adding perturbations to the noise-free zonal and meridional zenith angle components. The results of applying the UNSIRI and IDI-like analyses to such a simulation are illustrated in Figure 6b , where \displacement" indicates the standard deviation of the Gaussian distribution utilised to generate the zenith angle component perturbations. There is a clear decrease in the estimated velocity as the e ective scattering positions are made more random. Equation 2) suggests this displacement will decrease with increasing antenna spacing, D. This is veri ed by the results obtained using the IDI-like technique with antenna spacing D = , as opposed to the usual spacing of D = 1 2 , seen in Figure 6a . The velocity obtained using D = is less succeptable to the e ects of noise, thereby suggesting that the noise-induced phase alteration results in smaller zenith angle perturbations. The noise-induced phase variations are smaller for Doppler frequencies with large spectral powers. As illustrated in Figure 6a , the MSIRI technique is the most robust for small additions of noise because only those Doppler frequencies associated with local maxima are utilised.
The signal and noise contributions to each Doppler frequency cannot be separated, suggesting interferometric techniques cannot correct for the e ects of noise. This results in an e ect analogous to the FCA triangle size e ect, whereby the interferometric velocity decreases with decreasing antenna spacing. However, the average FCA apparent velocity is not signi cantly altered by the addition of receiver noise. This may appear to be at variance with the volume scatter derived suggestion that the interferometry techniques should measure the apparent velocity. The apparent velocity is calculated directly from the delays corresponding to the cross-correlation maxima of the three calculated cross-correlation functions. The \shift" theorem of the Fourier transform eg Bracewell, 1965] indicates that the delay of the cross-correlation maxima is directly proportional to the phase slope of the corresponding cross-spectrum. This relationship has been veri ed experimentally by many authors eg Liu et al., 1990 ] . The cross-spectral phase slope is an estimate of the average phase behavior over all Doppler frequencies. As discussed above, averaging produces results that conform with volume scatter situation, even in the case of large noise-induced phase perturbations. The individual cross-spectral phases do not necessarily conform to the volume scatter situation. Noise-induced perturbations in the phase will further reduce the conformity. As a result, the correspondence between the FCA apparent and the interferometric velocities suggested by volume scatter arguments only holds in the noise-free situation.
E ect of zenith angle threshold
The magnitude of the vector-averaged interferometric horizontal velocities obtained as a function of zenith angle threshold for a model turbulence of 6ms ?1 are shown in Figure 7 . The velocity variation is a result of two competing e ects. The rst e ect is that the magnitude of the individual velocity estimates increases with decreasing zenith angle threshold. Similar behavior was noted by Brosnahan and Adams, 1993 , and eliminated by the implementation of a two-step process. This process involved the estimation of the vertical velocity using e ective scattering positions close to the zenith, and the estimation of the horizontal velocity using this calculated vertical velocity and e ective scattering positions located o zenith. Such a process is di cult to implement for the analysis of individual time-series records as performed here, as there are often too few e ective scattering points close to the zenith. The second e ect is that the variance of the individual velocity direction estimates increases with decreasing zenith angle threshold.
This result impacts upon the use of spatial-aliasing thresholds. Figure 7 indicates that use of a zenith-angle threshold equal to the radar-pulse volume cut-o of 22 does not signi cantly bias the SNSIRI, MSIRI and IDI-like velocities from the values obtained without using a zenith angle threshold. This result suggests that no signi cant bias will be introduced for these analyses if the required spatial-aliasing threshold exceeds the zenith angle corresponding to the rst minima in the transmitter polar diagram. However, if the threshold is well within the rst minima the velocity will be biased upwards. The application of any zenith angle threshold to the UNSIRI analysis will result in a signi cant positive velocity bias. This result can be explained as follows. Volume scatter arguments suggest that e ective scattering points with large zenith angles are produced by larger Doppler frequencies. However, smaller Doppler frequencies can produce large zenith angles in the UNSIRI analysis, presumably due to the use of Doppler frequencies with aliasing. As a result, the application of a zenith angle threshold decreases the average zenith angle, but does not appreciably a ect the average radial velocity. This behavior is summarised in Table 2 . Equation 3 suggests that application of a zenith angle threshold for the UNSIRI analysis must therefore result in the estimated velocity increasing.
E ect of power threshold
The magnitude of the vector-averaged interferometric velocities estimated as a function of the power threshold are shown in Figure 8 . The general trend is that the velocities decrease with increasing power thresholds above about 0 dB and decrease with decreasing power thresholds below about 0 dB. The decrease above about 0 dB results from the spectra being cut-o at a progressively smaller Doppler frequency. This does not signi cantly alter the average zenith angle of the e ective scattering positions, but excludes larger radial velocities from the least squares t of (3). This behavior is summarised for the UNSIRI and IDI-like analyses in Table 3 . The decrease below 0 dB results from a combination of the above e ect and also from the use of noisy Doppler frequencies. The additional e ective scattering points resulting from the inclusion of noisy Doppler frequencies will be randomly distributed, thereby resulting in a decrease in the estimated velocity in a similar manner as that resulting from the addition of receiver noise perturbing the e ective scattering points from their noise free positions.
There is only a small decrease for the IDI-like and MSIRI-like techniques below about 0 dB. This is not unexpected as there is only a small statistical probability that noisy Doppler frequencies will pass either single-scatterer criteria and hence be used in the analysis. The single-scatterer criteria can therefore be considered to play a similar role to the noise threshold, mainly selecting Doppler frequencies within the main lobe of the cross spectrum. As a result, the IDI-like and MSIRI analyses e ectively use a di erent range of radial velocities to the NSIRI analyses, which do not employ single-scatterer criterion, as summarised in Table 3 . The larger radial velocities utilised by the NSIRI analyses for small noise thresholds results in a positive velocity bias in relation to the IDI-like and MSIRI analyses. For small values of turbulence the larger radial velocities utilised result in the UNSIRI velocity exceeding both the IDI-like and MSIRI velocities. The power threshold required to employ a similar range of radial velocities in each analysis varies as a function of turbulence, as turbulence acts to increase the width of the spectra.
Comparison of interferometric techniques
The magnitudes of the vector-averaged horizontal velocities resulting from applying \revised" interferometric analyses are shown in Figure 9 . The revised analyses use di erent power thresholds at each value of turbulence in order to employ a similar range of radial velocities, and thereby allow an unbiased comparison of the velocities estimated by each technique. The IDI-like and MSIRI analyses use identical phase information to the UNSIRI analysis, but reject Doppler frequencies on the basis of their individual single-scatterer criteria. Application of these criteria produce velocities between the UNSIRI and SNSIRI velocities, con rming the suggestion by Franke et al., 1990 , that the single-scatterer criteria selects Doppler frequencies with similar phase information to the SNSIRI analysis. The phase information associated with the local maxima is similar to that of the smoothed spectra at the same Doppler frequency eg , Similarly, the exclusion of spectral phases by the phase linearity criterion is a form of spectral averaging, as Doppler frequencies with phase information su ciently removed from smoothness are excluded from the analysis eg Vandepeer and Reid, 1994 ]. An alternative description is that the inclusion of Doppler frequencies failing the single-scatterer criteria in the analysis results in a decrease in the estimated velocity. This may be related to the e ect of position randomisation shown in Figure 6b , whereby perturbations in the e ective scattering positions result in a decrease in the estimated velocity. The positions of aliased e ective scattering points are indeed random, because the positions depend upon the locations of the scatterers contributing to the aliasing, which will most likely be randomly distributed throughout the radar-pulse volume.
The UNSIRI results compare well with the those of Franke et al., 1990 . Their antenna spacing necessitates the use of a spatial aliasing threshold. As seen in Figure  6a , zenith angle thresholds result in a positive velocity bias. This bias is counteracted by the 15 dB power threshold used and e ects of noise, both of which result in a negative velocity bias. The radial velocity threshold of 14ms ?1 utilised may also result in a negative velocity bias in an analogous fashion to the power threshold. Their nding that the UNSIRI velocity is smaller than the FCA true velocity for lower SNR's is also consistent with Figure 7a , where the UNSIRI velocity is shown to decrease with noise while the FCA true velocity remains constant. The SNSIRI results also compare well with the those of Franke et al., 1990 , if the aforementioned e ects are taken into account.
The IDI-like and MSIRI velocities agree very well with those obtained experimentally. The IDI results of Vandepeer and Reid, 1994 , give velocity estimates within the mean of the FCA true and apparent velocities and the apparent velocity itself. The model generated IDI-like results may therefore appear a little larger than those obtained experimentally. However, if the e ects of receiver noise are taken into account the agreement becomes very good. The model-generated MSIRI velocity is slightly smaller than the experimentally-obtained estimates of Meek and Manson, 1987, and Brown et al., 1994 , whose results agree well with the FCA apparent velocity. This discrepancy may result from the spatial aliasing thresholds used in the experimental analyses.
Conclusions
A simple computer model has been used to illustrate that the volume scatter derived predictions of Briggs, 1994, and Vandepeer and , appear to be satis ed by the interferometric techniques. The interferometric velocities increase with increasing turbulence. Furthermore, the e ective scattering positions are shown to approach the zenith as turbulence increases, and have a preferred azimuth angle agreeing with that predicted by volume scatter arguments. The interferometric techniques are also sensitive to both zenith angle and noise thresholds, suggesting that such thresholds should be applied with care. The interferometric techniques also produce an e ect analogous to the FCA triangle size e ect whereby the presence of receiver noise results in the estimated velocity decreasing with decreasing triangle spacing. However, unlike the FCA, the e ects of noise cannot be accounted for. The velocity results obtained using model data agree very well with those obtained experimentally by a number of di erent authors. 
